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Abstract 
In this paper, preliminary experiments were conducted to investigate the effect of dimpled surface on the performance of linear cascade. Two 
dimple configurations with a diameter of 1.0mm and a depth-diameter ratio of 0.2, which were located in 30%-60% and 75%-95% axial chord 
lengths of suction side respectively, were studied to validate their effectiveness in reducing total pressure loss. Incidence angles of -5.3°, 0°, 
5.3°, 7.5°, 10° and inlet Mach number of 0.4 were used in each experiment with 1.5% Tu. Total pressure loss coefficients and blade loading 
force measurements were made on the dimpled blades by a mini 5-hole pressure probe and compared to the smooth blades. The experimental 
results show that the reduction of the total pressure loss coefficients of dimpled blades is obvious at the incidence angle of 0°, 5.3°, and 7.5°, 
and the change of the total pressure loss coefficients of dimpled blades is very slight at the incidence angle of -5.3°, and 10°. In addition, there 
exists a slight increase of loading force with dimpled blades. The comparison results also indicate that dimples on 30%-60% of suction side is 
more effective in loss reduction than that on 75%-95% of suction side at all incidence angles. 
 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In order to realize the reduction of fuel consumption and 
operating costs, gas turbines with a relatively low total 
pressure loss are highly desired. The development of 
advanced turbine blades has become a great challenge issue in 
the past few decades. Till now, for the purpose of reducing 
flow losses over gas turbines, various of loss reduction 
techniques have been proposed, such as boundary layer 
suction and blowing [1, 2], plasma-based [3], vortex generator 
[4, 5], steady, pulsed, and synthetic jets [6], riblet or groove, 
roughness, dimple and trip wire. The loss reduction 
techniques can be divided into two categories, namely active 
and passive techniques. In general, active techniques possess 
obvious flexibility and effectivity in loss reduction, but to 
some extent both the extra energy and control system are 
additionally needed. By contrast, passive techniques are easier 
and cheaper to conduct. In this case, increasing attentions 
have been paid on loss reduction over gas turbines utilizing 
passive techniques.  
In the aspect of flow loss reduction of turbine blades, Fang 
et al. [7] performed experiments to investigate the loss 
reduction with riblets of an isolated 2-d blade and NACA 65 
cascade. They found that more than 8% and 10% loss 
reduction benefits for the isolated blade and compressor blade 
can be obtained respectively. Ma et al. [8] experimentally 
investigated the effects of streamwise-grooved blades on the 
flow field in a compressor cascade. The measurement results 
indicate that groove surface can restrain the development of 
boundary layer on the suction side, and can obtain a benefit of 
8.6% loss reduction at the incidence angle of 5°. Tao Bai et al. 
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[9] studied the influence of surface roughness on the boundary 
development and loss behaviour of turbine blades with 
different Reynolds numbers. Their results indicated that 
surface roughness effect on boundary layer is closely 
dependent on Reynolds number. And the aerodynamic loss is 
lowered at low Reynolds number, but becomes significantly 
large at high Reynolds number. 
Lake [10] introduced dimples into the LPT blade suction 
side to study their effectiveness in reducing separation losses 
and improvement in the region of attached flow over the blade. 
The results indicated that the loss coefficient was reduced by 
58% at the lowest Reynolds number of 50000. And there was 
a negligible adverse impact at higher Re number. After that, 
Lake [11] also evaluated the effectiveness of dimples, v-
grooves, and a trip wire to reduce flow losses. The results 
showed that, compared with other reduction methods, dimples 
were the most effective across a wide range of Reynolds 
numbers and freestream turbulence intensity (FSTI). Later, 
based on Lake’s work, three dimple configurations were 
placed on Pak-B turbine blades in the study of John P. Casey 
[12], where dimple placement and configuration were 
optimized in reducing flow losses at Reynolds number been 
25K and 100K. The results showed that no dimple 
configuration dramatically outperformed the others, 
suggesting that the extra complexity of multiple rows or close 
spacing may not be necessary. And all dimple configurations 
displayed a marked improvement over the unmodified case. 
Moreover, LAN, Rivir, and Chishty M A [13-15] proved that 
dimples have a great deal of beneficial effect on the loss 
reduction. The literatures [10-15] have consistently shown the 
strong potential of dimples for application in LPT blade loss 
reduction. However, the effects of dimpled surface on 
subsonic-speed compressor blade are still rarely studied, 
especially in various incidence angles. 
In the present investigation, a subsonic-speed linear 
cascade wind tunnel is set up to study the loss reduction 
potential of dimpled structures on linear blades under a broad 
range of incidence angle from -5.3° to 10°. The major 
objective of this paper is to obtain more information on how 
the dimples affect the compressor blade performance. 
Nomenclature 
Re Reynolds number 
Tu Turbulence intensity 
Ma  Mach number 
P  Pressure 
c  Chord length 
s  Span length 
t  Pitch length 
i  Incidence angle 
γ  Stagger angle 
β1k  Geometry inflow angle 
β1  Inflow angle 
β2k  Geometry outflow angle 
β2  Outflow angle 
Cp  Static pressure coefficient 
ω  Total pressure loss coefficient 
ωS  Total pressure loss coefficient of smooth blade 
ωD  Total pressure loss coefficient of dimpled blade η  Loss reduction rate 
Subscripts 
1  Inlet 
2  Outlet 
*  Total 
2. Experiment setup 
2.1. Test facilities 
A subsonic-speed linear cascade facility has been set up to 
research the effect of dimpled structures on the performance 
of linear compressor blade, which is illustrated as Fig. 1. Air 
from an upstream blower flows through a diffuser, settling 
chamber, test section and exits to atmosphere. The test section 
consisted of seven blades and five middle blades were 
dimpled for tests and two side blades were smooth for 
guiding. Test blades used are representative of the midspan of 
compressor rotor blade in a modern power generation gas 
turbine. The geometric parameters of test blade [16] are 
shown in   Table 1. They were installed on the turntable to 
adjust to the desired incidence angle. And a protractor 
mounted on the periphery of turntable allows the incidence 
angle to be set ±0.2°.  
At nominal tests conditions, the upstream Mach number is 
0.4, and Reynolds number based on the blade chord length is 
489,000. The freestream turbulence intensity at the inlet of the 
wind tunnel has been maintained at 1.5%. Additionally, 
considering the effect of incidence angle on the performance 
of compressor blade, the turntable is rotated to obtain five 
incidence angles including incidence angles -5.3°, 0°, 5.3°, 
7.5°, and 10°. 
  Table 1.  Geometric parameters of blade profile. 
Cascade Parameters Test blades 
Chord length c 55.6mm 
Pitch length t 37.6mm 
Span length s 120mm 
Stagger angle γ 51° 
Outflow angle β2 47.8° 
Geometry inflow angle β1k 55.8° 
Geometry outflow angle β2k 39° 
2.2. Blades preparation 
The smooth and dimpled blades have a centerline averaged 
roughness Ra of 0.1μm machined by milling and polishing. 
Using a scaling based on the boundary layer thickness, 
dimples were cut into the suction side of the test blades to a 
depth of 0.2mm using a 1.5mm diameter ball end mill 
illustrated as Fig. 2. Since the curvature of the suction side 
and the dimple size are relative small, the resulting impression 
on suction surface was an approximate circle with a diameter 
of 1.0mm. The dimple arrays were staggered and a dimple in 
the row was at the midpoint between two dimples in and 
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3.0mm center-to-center in the direction of streamwise and 
spanwise respectively. Two partial locations of dimples, rows 
of dimple at 30%-60% and 75%-95% axial chord lengths of 
suction surface were investigated, designated as dimple 1 and 
dimple 2 respectively. Table 2 shows the detail

1. Splitter; 2. Intake value; 3. Expansion joint; 4. Diffuser; 5. Settling chamber; 6. Convergent section; 7. Test section; 8. Test blades. 
Fig. 1 . Subsonic-speed compressor cascade wind tunnel 
dimple configuration parameters. And Fig. 4 provides the 
processed smooth and dimpled blades. 
Table 2. Dimple configuration parameters. 
Type Diameter Depth 
Streamwi
se 
spacing 
Spanwise 
spacing 
Location 
Dimple 1 1.0 0.2 5.2 3.0 
30%-
60% c 
Dimple 2 1.0 0.2 5.2 3.0 
75%-
95% c 
 
Fig. 2. Dimples machined by CNC machine tools. 
2.3. Instrumentations 
 
Fig. 3. Measurement positions. 
Pressure has been measured using pneumatic probes and a 
pressure transducer system. A pitot probe has been used to 
obtain the inlet pressure (total and static), velocity, and 
density at one chord lengths upstream from the leading edge 
of blades and the midspan height radial position for reference 
purposes. Downstream at 0.6c from the trailing edge of 
blades, a 5-hole probe has been traversed across one pitch to 
acquire outlet total and static pressure at the midspan height. 
The measurement locations are shown in Fig. 3. Additionally, 
static pressure on blade pressure and suction surfaces has been 
measured to obtain blade loading force information. There 
were 5 pressure taps on the suction side of the 3rd blade and 
the pressure side of the 4th blade at the midspan height 
respectively. Pressure has also been measured on the test 
section casing to ensure periodicity among passages. Some 
tests were repeated to ensure repeatability of the test results.  
 
Fig. 4. Smooth blade and dimples blades. 
2.4. Data Reduction 
Based on the pressure data obtained from the upstream and 
downstream, the total pressure loss coefficients have been 
calculated as Eq. 1. 
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P1
* and P2
* indicate the total pressure of the mainstream 
measured by upstream pitot probe and downstream five-hole 
probe. P1 is the static pressure of upstream. 
And Eq. 2 defines the pressure coefficient of blade 
surfaces, which is used for analyzing blade loading force. P is 
the static pressure from blade surface pressure taps. 
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The effect of dimpled structures on the blade performance 
1 2 3 4 5 7 86
Smooth Dimple 1 Dimple 2
140   Yanfeng Zhao et al. /  Procedia CIRP  56 ( 2016 )  137 – 142 
is characterized by loss reduction rate defined as Eq. 3. ωD and 
ωS are the total pressure loss coefficients of dimpled and 
smooth blade cascade respectively. 
100u 
S
SD
ω
ωωη                                                     (3) 
3. Results and Discussion 
The objective of this section provides performance data of 
smooth and dimpled blades acquired in the experiments, 
including total pressure loss coefficients and loading force of 
blade surfaces. The total pressure loss coefficients through the 
blade cascade and the blade loading force are the most direct 
ways to evaluate the blade performance. Subsequently, 
analyzing the loss contours of outlet two-dimensional section 
at the design incidence angle of 5.3° explains the influence 
mechanism of dimple structure on blade cascade. 
3.1. Periodicity and Repeatability 
Fig. 5 and Fig. 6 show the distributions of total pressure 
loss coefficients plotted across the pitch for middle three 
passages and the distributions of total pressure loss 
coefficients in two different experiments with the same test 
conditions respectively. In Fig. 5, the casing total pressure 
loss coefficients data of adjacent passages at corresponding 
pitchwise locations are uniform within 1% errors. From Fig. 6, 
we can see that the total pressure loss coefficients data from 
two repetitive experimental tests are nearly coincident within 
2% errors. So the good periodicity and repeatability of wind 
tunnel test facilities have been achieved. 
3.2. Smooth Blade Results 
Investigations of smooth blade cascade under different 
incidence angles were carried out as a basic reference and to 
analyze the effect of incidence angle on blade cascade. Fig. 7 
and Fig. 8 provide the distributions of total pressure loss 
coefficients and average total pressure loss coefficients with 
various incidence angles respectively. It is indicated that the 
peak and width of wake decrease at first and then increase as 
the incidence angle increases. The average total pressure loss 
coefficients also show the same trend. And the total pressure 
loss coefficients at the design incidence angle of 5.3° is the 
smallest, which agrees very well with actual working blade. 
3.3. Dimple Blade Results 
The effects of dimpled structures on the performance of 
blades can be discussed directly by comparing the total 
pressure loss coefficients of dimpled cases with that of 
smooth reference case. Fig. 10 presents the distribution 
profiles of total pressure loss coefficients with different blade 
models under a series of incidence angles ranging from -5.3° 
to 10°. From the loss coefficients profiles in negative 
incidence angles of -5.3°, it can be seen that the loss 
coefficients width of two dimpled cases is nearly the same as 
that of reference case, and the loss coefficients peak of two 
dimpled cases is larger than reference one. In incidence angle 
of 0°, compared with the reference case, the loss coefficients 
peak of dimple 2 is still higher, while the loss coefficients 
peak of dimple 1 is almost identical to it. 
 
Fig. 5. Distribution of loss coefficients along pitchwise. 
 
Fig. 6. Distributions of loss coefficients in two different experiments 
 
Fig. 7. Distribution profiles of loss coefficients with various incidence angles 
 
Fig. 8. Total pressure loss coefficients with various incidence angles 
And the loss coefficients width of two dimpled cases 
becomes distinctly narrower. Besides, in incidence angles of 
5.3° and 7.5°, the peak and width of loss coefficients on both 
dimple 1 and dimple 2 are much less than that of smooth 
blades. And the total loss of dimple 2 is bigger than that of 
dimple 1. From the loss coefficients profiles in 10°, the 
reduction of loss coefficients peak and width on dimpled 
cases is negligible. Fig. 9 represents the distributions of 
average total pressure loss coefficients with different blade 
models under different incidence angles. It is indicated that 
the dimples on 30%-60% axial chord lengths of suction side  
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Fig. 9. Total pressure loss coefficients with different blade models 
display an excellent loss reduction performance at the 
incidence angles of 0°, 5.3° and 7.5°, while at the incidence 
angle of -5.3° and 10°, the loss coefficients reduction of 
dimple 1 has no obvious changes. The reduction of total 
pressure loss coefficients achieved more than 20% in 5.3° and 
7.5°. It is also shown that dimple arrays arranged on 75%-95% 
of suction side show a good performance improvement at the 
positive incidence angles of 0°, 5.3° and 7.5° in Fig. 9. And 
the maximal benefits of loss reduction acquired more than 15% 
in 7.5°. However, in negative incidence angle of -5.3°, total 
pressure loss coefficients of dimple 2 have a very slight 
increase, which leads to slight degradation in blade 
performance. In 10°, the changes of loss coefficients on 
dimple 2 are not obvious. By comparing the total pressure loss 
coefficients of dimple 1 with dimple 2, it can be clearly seen 
that the loss-reducing property of dimple 1 is superior to 
dimple 2 at all incidence angles. 
In addition, the effect of dimpled structures on the blade 
loading force from experiments can also be found.  
Fig. 11 shows the distributions of static pressure 
coefficients on blade surface under the incidence angles with 
excellent loss reduction efficiency (0°, 5.3°, 7.5°), which is 
used for analyzing the loading force of blade surface. 
Compared with the smooth blades, the static pressure 
coefficients on dimpled blade pressure surface have negligible 
changes, whereas the static pressure coefficients on dimpled 
blade suction surface slightly decrease. Hence, the differential 
pressure has a slight increase instead of reduction. So dimples 
on the blade suction side would not make the blade loading 
force declined, but rather make it slightly increased. 
Fig. 12 depicts the loss coefficient contours of outlet two-
dimensional section with different blade cases at the design 
incidence angle of 5.3°. In Fig. 12, compared with the smooth 
blades, the endwall boundary layer loss of both dimple 1 and 
dimple 2 are distinctly lower. Meanwhile, the peak and width 
of wake loss on two dimpled cases, especially the dimple 1 
case, are also lower than that of smooth blades. Due to the 
symmetry of average loss coefficients along spanwise, the 
distributions of average loss coefficients along half span 
height are given in Fig. 13. It is highlighted that the average 
loss coefficients are obviously reduced by dimpled structures. 
By comparing the effectiveness of loss reduction with two 
dimpled cases, the average loss coefficients of dimple 2 is the 
smallest at the span height of 0-18%, but at the span height of 
18%-50%, the average of loss coefficients of dimple 1 is the 
lowest. Therefore, the dimple 2 is better than dimple 1 in 
reducing flow losses. 
4. Conclusion 
This paper concerns to investigate the effect of dimpled 
surface in a broad range of incidence angles from -5.3° to 10° 
on subsonic-speed linear compressor blade cascade 
experimentally. From the research results, the following 
conclusions can be drawn. Each dimple pattern displayed an 
obvious reduction of the total pressure loss coefficients at the 
incidence angle of 0°, 5.3°, and 7.5°, while the change of the total 
pressure loss coefficients of dimpled blades is very slight at the 
incidence angle of -5.3°, and 10°. 0°, 5.3°, and 7.5°. In addition, 
staggered dimple arrays with a diameter of 1mm and a depth-
diameter ratio of 0.2 at 30%-60% axial chord lengths on 
suction surface performed substantially better than that at 
75%-95% of suction surface at all incidence angles.
 
Fig. 10. Distribution profiles of loss coefficients with different blade model cascade under various incidence angles 
i=- i=0 i=5 3°
i=7 5° i=10
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Fig. 11. Static pressure coefficients of blade surface in different blade models 
 
Fig. 12. Loss coefficients contours of cascade outlet two-dimensional section with different blade models in 5.3°.
 
Fig. 13. Distribution of average loss coefficients along spanwise 
More than 20% of benefits loss reduction can be 
obtained. Moreover, the introduction of dimples will not cut 
down the loading force of blade surfaces at the incidence 
angle of 0°, 5.3°, and 7.5°, which even brings a slight 
increase. 
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